activated protein kinase (AMPK) responds to oxidative stress. Previous work has shown that ethanol treatment of cultured hepatoma cells and of mice inhibited the activity of AMPK and reduced the amount of AMPK protein. Ethanol generates oxidative stress in the liver. Since AMPK is activated by reactive oxygen species, it seems paradoxical that ethanol would inhibit AMPK in the hepatoma cells. In an attempt to understand the mechanism whereby ethanol inhibits AMPK, we studied the effect of ethanol on AMPK activation by exogenous hydrogen peroxide. The effects of ethanol, hydrogen peroxide, and inhibitors of protein phosphatase 2A (PP2A) [either okadaic acid or PP2A small interference RNA (siRNA)] on AMPK phosphorylation and activity were examined in rat hepatoma cells (H4IIEC3) and HeLa cells. In H4IIEC3 cells, hydrogen peroxide (H 2O2, 1 mM) transiently increased the level of phospho-AMPK to 1.5-fold over control (P Ͻ 0.05). Similar findings were observed in HeLa cells, which do not express the upstream AMPK kinase, LKB1. H 2O2 markedly increased the phosphorylation of LKB1 in H4IIEC3 cells. Ethanol significantly inhibited the phosphorylation of PKC-, LKB1, and AMPK caused by exposure to H 2O2. This inhibitory effect of ethanol required its metabolism. More importantly, the inhibitory effects of ethanol on H 2O2-induced AMPK phosphorylation were attenuated by the presence of the PP2A inhibitor, okadaic acid, or PP2A siRNA. The inhibitory effect of ethanol on AMPK phosphorylation is exerted through the inhibition of PKC-and LKB1 phosphorylation and the activation of PP2A.
by inhibition of protein phosphatase 2 (PP2)C-␣, thus protecting AMPK Thr-172 from dephosphorylation (15) .
AMPK also responds to oxidative stress and reactive oxygen species (ROS). Exposure of endothelial cells to peroxynitrite increased phosphorylation of AMPK and its downstream target, acetyl-CoA carboxylase (ACC), without changing the cellular AMP/ATP ratio (24) . Xie et al. (21) suggested that this was mediated by protein kinase C (PKC)-, which phosphorylated LKB1 at Ser-428. More recently, this group (20) suggested that phosphorylation of LKB1 on Ser-428 promotes its export from the nucleus, resulting in activation of AMPK.
AMPK was activated by hydrogen peroxide in NIH 3T3 cells, and the effect was reversed by the hydroxyl radical scavenger dimethylsulfoxide (1) . The mechanism of activation of AMPK by oxidative stress is poorly understood, and there may be several pathways involved. Transient increases in AMP levels were shown in some experimental models following hydrogen peroxide exposure (3) . The tyrosine kinase inhibitor, genistein, was demonstrated to further stimulate hydrogen peroxide-induced AMPK activity without altering the AMP levels (1) .
Among several functions of AMPK, it is an important sensor of the energy state and regulator of intermediary metabolism of lipid in the liver. AMPK inhibits sterol response element-binding protein (SREBP-1) and ACC (16) . Activation of SREBP-1 induces a battery of enzymes involved in lipid synthesis, including ACC. Our laboratory has shown that ethanol treatment of cultured hepatoma cells and of mice activated SREBP-1 and ACC and, more importantly, inhibited the activity of the AMPK and reduced the amount of AMPK protein (22) . Our findings raise an interesting question regarding the interaction of ethanol, oxidative stress, and the activity of AMPK. Ethanol generates oxidative stress in the liver, and several groups have shown that ethanol metabolism by isolated hepatocytes increases the generation of ROS (18) . Since AMPK is activated by ROS, it seems paradoxical that ethanol would inhibit AMPK in the hepatoma cells.
In an attempt to understand the mechanism whereby ethanol inhibits AMPK, we studied the effect of ethanol on AMPK activation caused by exogenous hydrogen peroxide. Here, we report that hydrogen peroxide induced the phosphorylation of AMPK, and that ethanol inhibited this effect through the 1) inhibition of PKC-and LKB1 phosphorylation and 2) increased PP2A activity.
MATERIALS AND METHODS

Materials
All chemicals unless specified were purchased from Sigma Chemical (St. Louis, MO). Trypsin and tissue culture media were purchased from Life Technologies (Rockville, MD), and rat hepatoma (H4IIEC3) and HeLa cell lines were from the American Type Culture Collection (Manassas, VA). SAMS peptide was from Upstate Biotechnology (Charlottesville, VA). All radioisotopes were purchased from American Radiolabeled Chemicals (St. Louis, MO). AMPK-␣, phospho-AMPK-␣ (Thr-172), LKB1, phospho-LKB1 (Ser-428), PKC-, phospho-PKC-, phospho-ACC, ACC, and PP2A antibodies were purchased from Cell Signaling Technology (Beverly, MA). PP2A small interference RNA (siRNA) was from Ambion (Austin, TX).
Cell Culture and Treatment
All cells were grown in modified Eagle's medium (MEM) supplemented with 10% fetal bovine serum (FBS), 100 g/ml streptomycin, and 63 g/ml penicillin G. Serum starvation was achieved by incubating nearly confluent cells for 18 h in medium without FBS. Cells were then incubated with hydrogen peroxide for the indicated concentrations and time. In some experiments, the cells were exposed to ethanol for 24 h before the treatment with hydrogen peroxide. When ethanol was present, the cells were incubated in a chamber containing a beaker of 1.0 l of water containing ethanol at the same concentration to reduce the loss of ethanol from the cultures because of evaporation.
Measurement of AMPK Activity
The AMPK activity assay was carried out according to methods previously described (23) . Briefly, H4IIEC3 cells were grown in MEM supplemented with 10% FBS, 100 g/ml streptomycin, and 63 g/ml penicillin G to 70 -80% confluency. Cells were then cultured in serum-free MEM for 16 h, followed by treatment with different compounds. Twenty-four hours later, cells were collected in the lysis buffer (1ϫ RIPA buffer, 1 mM NaVO 3, 1 mM PMSF, complete protease inhibitor cocktail) and centrifuged to remove cell debris. AMPK activity assays were performed at 30°C in 25-l reaction mixtures containing 4 g protein in reaction buffer (40 mM HEPES, pH 7.0, 80 mM NaCl, 5 mM magnesium acetate, 1 mM DTT, 8% glycerol, 0.8 mM EDTA, 200 M AMP and ATP, and 2 Ci [␥-32 P]ATP) with or without 200 M SAMS peptide. After 30-min incubation, 15-l reaction mixtures were spotted on phosphocellulose filter paper (Whatman P81), and the filter papers were washed extensively with phosphoric acid. The radioactivity on the filter paper was measured in a scintillation counter, and the AMPK activity was expressed as picomoles of [32] P incorporation into the peptide per minute per microgram of protein.
HPLC Analyses of Nucleotides
H4IIEC3 cells were split into 10-cm plates. The day before the experiment, the cells were serum starved for 18 h in serum-free MEM. On the day of treatment, cells were treated with hydrogen peroxide and/or ethanol as indicated. At the end of treatment, cell culture medium was removed, and the cells were rinsed with ice-cold PBS. After the removal of PBS, 300 l of ice-cold 10% TCA was added directly onto the 10-cm plates. Cells were then scraped with a rubber policeman, transferred to Eppendorf tubes, and chilled on ice for 10 min. Tubes were vortexed vigorously for 20 s at 4°C and centrifuged at 14,000 revolution/min at 4°C for 2 min. Supernatant was transferred to Eppendorf tubes already containing 0.6 ml of 0.5 M tri-noctylamine in Freon, vortexed at 4°C for 20 s, and recentrifuged at 18,000 g at 4°C for 1 min. The bottom layer was carefully removed, leaving a clean top aqueous layer within the Eppendorf tubes. Tubes were frozen at Ϫ80°C until HPLC analysis. HPLC analysis for nucleotides was performed as previously published (14) .
Measurement of Phosphatase Activity
The activity of PP2A was measured with the PP2A immunoprecipitation phosphatase assay kit (Millipore, Bedford, MA). Threonine phosphopeptide (K-R-Pt-I-R-R) was used as PP2A substrate. In brief, the cells were lysis buffered (0.5 M Tris ⅐ HCl, pH 7.4, 1.5 M NaCl, 2.5% deoxycholic acid, 10% NP-40, 10 mM EDTA, 1 mM PMSF, and protease inhibitors). Supernatants were incubated with anti-PP2A [C subunit, clone 1D6] and protein A agarose at 4°C for 2 h with constant rocking. The immunoprecipitates were then washed three times with Tris-buffered saline and diluted phosphopeptide (final concentration 750 M), and Ser/Thr assay buffer were added. The mixtures were incubated for 10 min at 30°C in a shaking incubator and then briefly centrifuged, and 25 l of mixtures were transferred to 96-well microtiter plate. PP2A activities were determined by the addition of the Malachite green phosphate detection solution into the mixtures and measuring the absorbance at 650 nm. The absorbance values of each sample were compared with negative controls containing no PP2A enzyme activity.
PP2A siRNA Construction and Transfection
Predesigned siRNA targeting the open reading frame for rat PP2A catalytic subunit-␣ (catalog no. S128253) and the scrambled sequence (negative control) were purchased from Ambion. Transfection of siRNA into hepatoma cells was carried out using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). H4IIEC3 cells were cultured in a six-well plate at 2 ϫ 10 5 cells/well with MEM supplemented with 10% FBS without antibiotics to 40 -50% confluency. The hepatoma cells were transfected with PP2A-specific siRNA or scrambled oligonucleotides at the final concentration of 40 nM in Lipofectamine 2000 complexes according to the manufacturer's protocol. PP2A protein expression was followed by immunoblots. We found that the maximal inhibition of PP2A was at 48 h after transfection. The hepatoma cells were treated at 72 h posttransfection.
Immunoblot Analysis
Immunoblot analyses were performed using 20 g of whole cell extract separated by electrophoresis in a 10% or 6% SDS-polyacrylamide gel and transferred to nitrocellulose filters. Detection of the protein bands was performed using the ECL Plus Western Blotting Detection System Kit (Amersham Biosciences, Piscataway, NJ). The protein bands were then quantified on a PhosphoImager and ImageQuant (Amersham Biosciences) software analysis.
Immunoprecipitation
H4IIEC3 cells were grown in 10-cm plates and were treated with ethanol 50 mM for 24 h. Proteins were extracted with RIPA lysis buffer. Two hundred microliters of cell lysates (ϳ800 g of protein lysate) were preincubated with 1 g of rabbit IgG and 20 l of 50% protein A/G Plus agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA) for 60 min at 4°C. Precleared lysates were incubated with 2 l of anti-AMPK antibody (Cell Signaling Technology) overnight at 4°C. Then, 20 l of protein A/G plus agarose beads were added, and the complex was incubated at 4°C on a rocker platform for 2 h. Immunoprecipitates were subsequently collected by centrifugation at 2,500 revolution/min for 5 min at 4°C. The pellets were washed five times with 1 ml RIPA buffer. Equal volumes of 2ϫ SDS-PAGE sample buffer were added to the washed agarose bead complex and boiled. After spinning, only the supernatants were saved for further analysis in the SDS-PAGE gel.
Data Analysis
All data are presented as the means Ϯ SD. Statistical significance was calculated with the Student's t-test or one-way ANOVA analysis, followed by post hoc testing with least squares difference, when appropriate. P Ͻ 0.05 was considered statistically significant.
RESULTS
Effects of H 2 O 2 on the Levels Of Phospho-AMPK and Its Activity In Hepatoma Cells
We first examined the time-and dose-dependent effects of H 2 O 2 on the level of phospho-AMPK (p-AMPK). H4IIEC3 cells were serum starved for 18 h and then exposed to H 2 O 2 at 0.5 mM and 1 mM for the indicated times. There was a transient, significant 1.5-fold induction in the level of phosphorylation of AMPK-␣ on Thr-172 without a significant change of AMPK-␣ protein expression level within the first 10 min of exposure to 1 mM H 2 O 2 ( Fig. 1, A and B) . Similar effects were also observed with 0.5 mM H 2 O 2 (data not shown). The levels of p-AMPK subsequently declined after 30-and 60-min treatment. The increase in AMPK phosphorylation was also correlated with its activity ( Ser-428 of LKB1 had been shown to be phosphorylated by PKC-in response to peroxynitrite oxidative stress (21) . As shown in Fig. 1D , treatment with H 2 O 2 significantly increased the levels of p-PKC-and p-LKB1 by two-and threefold, respectively compared with control (P Ͻ 0.05).
Activation of AMPK by Hydrogen Peroxide is Also Mediated Through a Non-LKB1 Pathway in HeLa Cells
Recently, several studies have shown that AMPK can also be activated by non-LKB1 kinases, namely Ca 2ϩ /calmodulindependent protein kinase kinase (CaMKK) (17) . In an effort to further identify the pathways through which H 2 O 2 was acting, we next measured p-AMPK levels in HeLa cells, which lack LKB1 (6), confirmed by Western blotting (not shown). Similar to the findings with H4IIEC3 cells, the level of AMPK phosphorylation in HeLa cells was significantly increased after H 2 O 2 treatment to 1.2-fold over control at 10 min (Fig. 2) . We hypothesized that this was due to activation of CaMKK by H 2 O 2 . HeLa cells were incubated under basal conditions and were stimulated with H 2 O 2 (1 mM for 10 min) in the presence of the CaMKK inhibitor, STO-609, at a concentration of 1 g/ml. At baseline, STO-609 significantly inhibited AMPK phosphorylation by 75%, and it also prevented AMPK activation by H 2 O 2 (Fig. 2C) . These data suggest that phosphorylation of AMPK-␣ on Thr-172 by H 2 O 2 can result from activation of either PKC-/LKB1 or CaMKK depending on the cell type.
To further examine the dominant pathway for the activation of AMPK by H 2 O 2 in H4IIEC3 cells , we performed similar experiments in the presence of STO-609 (Fig. 2E) . Contrary to the experiments with the HeLa cells, STO-609 did not significantly inhibit AMPK phosphorylation at baseline, and the activation of AMPK by H 2 O 2 persisted despite the presence of STO-609, suggesting that the PKC-/LKB1 pathway is likely the main pathway of H 2 O 2 -induced AMPK phosphorylation in these cells.
Ethanol Inhibits H 2 O 2 -Induced AMPK Phosphorylation in Hepatoma Cells
Ethanol generates oxidative stress in liver, as evidenced by the studies using fluorescent dyes. Since AMPK is activated by H 2 O 2 , it seems paradoxical that ethanol would inhibit AMPK (22) . We therefore examined whether the effect of H 2 O 2 was affected by the presence of ethanol (Fig. 3,  A and B) . After overnight serum starvation, H4IIEC3 cells were treated with ethanol (50 mM) for 24 h and then treated with H 2 O 2 as indicated above. As previously reported, ethanol significantly reduced the basal level of p-AMPK by ϳ25% in the H4IIEC3 cells compared with controls (Fig. 3 ). The overall effect of H 2 O 2 treatment on AMPK phosphorylation was significantly reduced by 43% and 33%, respectively, at 5 and 10 min. The level of p-AMPK correlated well with its activity (Fig. 3C) .
H4IIEC3 cells have the ability to oxidize ethanol. We found that the alcohol oxidation rate by H4IIEC3 cells was 0.56 Ϯ 0.10 mmol/h per 1.2 ϫ 10 7 cells. We have previously shown that the inhibitory effect of ethanol on AMPK phosphorylation could be blocked in H4IIEC3 cells with 4-methylpyrazole, an inhibitor of class I alcohol dehydrogenase (ADH), indicating the need for ethanol to be metabolized (22) . We next asked whether the ability of ethanol to block the activation of AMPK phosphorylation by H 2 O 2 in H4IIEC3 cells required ethanol metabolism. Figure 3D showed that 4-methylpyrazole did not significantly affect the phosphorylation level of AMPK. However, 4-methylpyrazole nearly abrogated the inhibitory effect of ethanol on AMPK activation and also abolished the inhibitory effect of ethanol on H 2 O 2 -induced AMPK phosphorylation. HeLa cells do not express ADH (4), and we found that ethanol had no effect on basal AMPK activity and failed to inhibit H 2 O 2 -induced AMPK phosphorylation in HeLa cells (data not shown). These results suggest that metabolism of ethanol is required for it to block the ability of H 2 O 2 to induce AMPK phosphorylation. 
Mechanisms of the inhibition of AMPK by Ethanol
Effects on PKC-and LKB1. Because PKC-/LKB1 are the upstream kinases of AMPK (20, 21), we next asked whether the inhibitory effect of ethanol on AMPK was mediated through these enzymes. As shown in Fig. 4 , ethanol significantly reduced the level of p-PKC-and p-LKB1 by ϳ40% and ϳ60%, respectively, in the H4IIEC3 cells compared with controls. When the cells were stimulated by H 2 O 2 , ethanol nearly completely blocked the phosphorylation of PKC-but did not abolish the increase in phosphorylation of LKB1. This suggests that H 2 O 2 may stimulate phosphorylation of LKB1 though other pathways not involving PKC-.
To further examine whether ethanol inhibited AMPK phosphorylation through the PKC-/LKB1 pathway and whether ethanol could reduce AMPK activation by other activators, we next studied the effect of ethanol on metformin-induced AMPK phosphorylation. Metformin, a commonly used antidiabetic agent, is reported to activate AMPK through the phosphorylation of PKC-and LKB1 (20) . In H4IIEC3 cells, the maximum stimulation for AMPK phosphorylation by metformin (2 mM) was at 2 h after treatment (data not shown). Similar to the experiments with H 2 O 2 , H4IIEC3 cells were treated with ethanol (50 mM) for 24 h followed by treatment with metformin (2 mM) for 2 h (Fig 5, A and B) . Metformin significantly increased the phosphorylation of PKC-, LKB1, and AMPK by 1.5-, 2.5-, and 1.8-fold, respectively. The effect of metformin on AMPK phosphorylation was markedly inhibited (approximately threefold reduction) in the presence of ethanol.
Effects on AMP:ATP ratio. The intracellular level of AMP is a sensitive marker of the energy stores of the cell. Since the effects of AMP on AMPK are competitively opposed by ATP, the AMP/ATP ratio may in fact be the physiological signal sensed by AMPK. In fact, AMPK cascades have been shown to respond mainly to the intracellular level of AMP or AMP:ATP ratio (8) . We hypothesized that ethanol, as a source of carbon and reducing equivalents, might inhibit the effect of H 2 O 2 -induced AMPK phosphorylation via increasing the energy charge of the cell. Therefore, we measured intracellular AMP and ATP levels when the cells were treated with ethanol and in the presence of H 2 O 2 ( Table 1 ). The baseline AMP:ATP ratio in H4IIEC3 cells was 0.03 Ϯ 0.005, and it was not significantly Fig. 3 . Effect of ethanol treatment on the activation of AMPK by oxidative stress. H4IIEC3 cells were grown as described for Fig. 1 , followed by treatment with control (C) or ethanol (E) (50 mM); H2O2 1 mM (A) for the indicated duration of treatment, either with pretreatment with ethanol 24 h before H2O2 exposure (E) or without ethanol pretreatment (No E). Western blots were quantified by a PhosphorImager and ImageQuant software analysis (results shown as a bar graph, B). Ethanol treatment for 24 h decreased the p-AMPK/AMP ratio by 25% compared with control (P Ͻ 0.05). H2O2 treatment increased the expression of p-AMPK with peak effect occurring at 10 min after treatment (1.5-fold induction over control, P ϭ 0.002). The effect of H2O2 at 5-and 10-min treatment on AMPK phosphorylation was reduced by 43% (P ϭ 0.01) and 33% (P ϭ 0.006), respectively, when the cells were pretreated with ethanol for 24 h. C: AMPK enzyme activity was analyzed with a synthetic peptide substrate, and it correlated well with the level of p-AMPK in B. D: H4IIEC3 cells were treated as indicated with control, 4-methylpyrazole (4MP) (0.1 mM), ethanol (50 mM), ethanol (50 mM) ϩ 4-methylpyrazole (0.1 mM), H2O2 1 mM for 10 min, E ϩ H2O2, pretreatment with ethanol (50 mM) followed by H2O2 1 mM for 10 min, pretreatment with ethanol (50 mM) ϩ 4-methylpyrazole (0.1 mM) for 24 h followed by H2O2 1 mM for 10 min. 4MP did not significantly affect the phosphorylation level of AMPK. However, it abolished the inhibitory effect of ethanol on H2O2-induced AMPK phosphorylation. Means Ϯ SD (the blot is representative of 3 blots from 3 individual experiments) are shown. *Significant difference vs. control; ϩsignificant difference compared with pretreatment with ethanol. P Ͻ 0.05 by one-way ANOVA. different than the ratio in the cells that were treated with ethanol (50 mM) for 24 h (0.02 Ϯ 0.007, P ϭ 0.39). In each treatment condition, the AMP:ATP ratio at each time point was not significantly altered from baseline. Thus the effects of ethanol and H 2 O 2 on AMPK phosphorylation in this cell line are likely mediated through an AMP-independent pathway.
Effects on PP2A. Dephosphorylation of AMPK has been attributed to PP2A (2) or to PP2C-␣ (15). Since PP2C-␣ activity is influenced by AMP, and that was not found to be changed by H 2 O 2 or ethanol, we examined a role for PP2A. PP2A designates a family of mammalian serine/threonine phosphatases that is involved in the control of many cellular functions and signaling pathways (19) . We examined the effect of an inhibitor of PP2A to determine whether the inhibitory effect of ethanol on AMPK phosphorylation involved effects of ethanol on PP2A. Okadaic acid is a potent inhibitor of protein phosphatases, inhibiting PP2A completely at 1-2 nM and PP1A at higher concentrations, 10 -15 nM (5). After overnight serum starvation, H4IIEC3 cells were treated with ethanol 50 mM for 24 h followed by H 2 O 2 (1 mM) for 10 min in the presence or absence of okadaic acid (2 nM). Okadaic acid treatment increased the phosphorylation of AMPK (Fig. 6, A  and B) ; however, it had no effect on LKB1 phosphorylation (data not shown). H 2 O 2 significantly increased AMPK phosphorylation (P Ͻ 0.05), and its effect was prevented when the cells were pretreated with ethanol for 24 h. Okadaic acid significantly attenuated the inhibitory effect of ethanol on H 2 O 2 -induced AMPK phosphorylation. We next determined the effects of ethanol on PP2A activity in immunoprecipitates of cell lysates. Ethanol increased PP2A activity by 30% (129 Ϯ 5 vs. controls 100 Ϯ 26, P Ͻ 0.05). We also attempted to demonstrate physical association of AMPK with PP2A. Immunoprecipitation experiments showed that PP2A could be coimmunoprecipitated with the ␣-subunit of AMPK (Fig. 7) . However, we did not see a change in the amount of PP2A coimmunoprecipitated in cells treated with ethanol (Fig. 7) .
Because of the potential for nonspecific effects of okadaic acid, we further examined whether ethanol inhibited AMPK by activating PP2A in hepatoma cells by using PP2A siRNA (19) . PP2A siRNA suppressed the expression of PP2A by 70% at 48 h after transfection (Fig. 8A) . Suppression of PP2A significantly increased both basal AMPK and ACC phosphorylation by 33% and 21%, respectively, and it had no effect on LKB1 phosphorylation (data not shown). Importantly, when the cells were transfected with siRNA, the inhibitory effect of ethanol on AMPK and ACC phosphorylation (in the cells that were treated with or without H 2 O 2 ) was attenuated; see Fig. 8 . Taken   Fig. 5 . Effect of ethanol and metformin on PKC-/LKB1 and its downstream target proteins. H4IIEC3 cells were grown as described for Fig. 1 followed by treatment for times indicated with control, ethanol (50 mM) for 24 h, metformin 2 mM for 2 h, and pretreatment with ethanol 24 h before metformin exposure. Western blots (A) were quantified by a PhosphorImager and ImageQuant software analysis (bar graph, B). Metformin significantly increased the phosphorylation of PKC-, LKB1, and AMPK by 1.5-, 2.5-, and 1.8-fold, respectively. The effect of metformin on AMPK phosphorylation was markedly inhibited (ϳ3-fold reduction) in the presence of ethanol. The figure is representative of 3 blots from 3 individual experiments; *significant difference vs. control; $significant difference compared with no treatment with ethanol. Fig. 4 . Effect of ethanol (ETOH) and hydrogen peroxide on PKC-/LKB1 and its downstream target proteins. H4IIEC3 cells were grown as described for Fig.  1 followed by treatment for times indicated with control, ethanol (50 mM) for 24 h, H2O2 1 mM for 10 min, and pretreatment with ethanol 24 h before H2O2 exposure. Western blots (A) were quantified by a PhosphorImager and ImageQuant software analysis (bar graph, B). Ethanol reduced the level of p-PKCand p-LKB1 by ϳ40% and ϳ60% in the H4IIEC3 cells compared with controls; on the other hand, H2O2 significantly increased its phosphorylation (by 3-fold) (P Ͻ 0.05). *Significant difference vs. control; $significant difference compared with pretreatment with ethanol.
together, our results implied that ethanol-induced AMPK inhibition in hepatoma cells is due to the activation of PP2A.
DISCUSSION
This study provided evidence that AMPK can be activated by oxidative stress, using a model of exposure of cultured cells to H 2 O 2 , mediated by two of its upstream kinases, PKC-/ LKB1 and CaMKK. Ethanol inhibited the effect of H 2 O 2 on AMPK phosphorylation in the hepatoma cells by 1) inhibition of PKC-/LKB1 and 2) activation of PP2A, and this effect requires its metabolism by ADH.
The control of AMPK activity is complex. AMPK can be activated through LKB1 (formerly known as AMPK kinase) and LKB1-independent pathways. The best characterized LKB1-independent kinase was identified using HeLa cells, an LKB1-deficient cell line. 2-Deoxyglucose treatment activated AMPK by phosphorylation on Thr-172, which was significantly inhibited by the CaMKK inhibitor, STO-609 (11). The evidence that CaMKK is another upstream kinase for AMPK was strengthened by the observation that the phosphorylation of AMPK and its downstream target ACC was markedly decreased in HeLa cells transfected with siRNA specific for CaMKK (11) . The present study suggests that AMPK activation in HeLa cells by oxidative stress was likely mediated through CaMKK. There was no effect of ethanol on this pathway, and therefore it was not further investigated.
Our laboratory had shown that ethanol treatment of cultured cells and ethanol feeding of mice for 4 wk inhibited the basal activity of AMPK and reduced the amount of AMPK protein (22) . In this study, we found that ethanol blocked H 2 O 2 -induced AMPK phosphorylation in hepatoma cells. The effect of H 2 O 2 in the hepatoma cells was not blocked by STO-609 (Fig. 2E) , suggesting that LKB1 is the major kinase that phosphorylates AMPK in response to oxidative stress.
The role of LKB1 in the regulation of AMPK activity has been revised recently. Purified LKB1 is a trimer of LKB1, STRAD, and MO25. When expressed in vitro, the enzyme is constitutively active and can autophosphorylate (15) . The purified enzyme is not sensitive to AMP. Previous reports of activation of LKB1 by AMP were thought to be the result of protein phosphatases (especially PP2C-␣) present in the LKB1 preparations. Sanders (15) reported that AMP inhibited the phosphatases, resulting in increased phosphorylation of AMPK. The role of phosphorylation of LKB1 is incompletely understood; however, oxidative stress of peroxynitrite exposure activated PKC-and resulted in LKB1 phosphorylation on serine 428 and phosphorylation of AMPK (21) . Mutation of serine 428 abolished the effect of peroxynitrite, showing that this residue was essential for LKB1 activity (21) . The recent study by Xie et al. (21) further showed that PKC-acts as an upstream kinase for LKB1. The phosphorylation of LKB1 by this kinase results in export of LKB1 from the nucleus, leading to the activation of AMPK. H 2 O 2 activated the phosphorylation of PKC-and LKB1 in hepatoma cells, and this was inhibited by pretreatment of the cells with ethanol. The table shows the time course of the effect of H2O2 (1 mM) and ethanol (50 mM) on intracellular AMP-ATP ratio. The results are means Ϯ SD (n ϭ 3 replicate assays). The cells were treated as previously described. Intracellular AMP and ATP levels were measured by HPLC. The baseline AMP-ATP ratio in H4IIEC3 cells was 0.03 Ϯ 0.005, and it is not significantly different than the ratio in the cells that were treated with ethanol (50 mM) for 24 h (0.02 Ϯ 0.007, P ϭ 0.39). In each treatment condition, the AMP-ATP ratio at each time point was not significantly altered from baseline. Fig. 6 . Effect of okadaic acid on the ability of ethanol to inhibit H2O2-induced AMPK phosphorylation. A and B: H4IIEC3 cells were treated with ethanol (50 mM), H2O2 (1 mM 10 min), and okadaic acid (OA), as described in the text. At the times indicated, proteins were extracted and detected using the specific antibodies in Western blots. Ethanol (50 mM) inhibited the ability of H2O2 to induce AMPK phosphorylation by 1.8-fold ($P Ͻ 0.05). Okadaic acid blocked the inhibitory effect of ethanol on AMPK phosphorylation (#P Ͻ 0.05). *P Ͻ 0.05 compared with control.
Since the hepatoma cells are capable of oxidizing ethanol, and the effect of ethanol was blocked by 4-methylpyrazole, we first considered that the effect of ethanol was due to an effect on cellular metabolism. It had been reported that ethanol increased liver AMP levels in the course of conversion of acetate to acetyl-CoA or as a consequence of inhibition of citric acid cycle activity (25) . However, no significant change in the AMP/ATP ratio in the liver was observed with chronic ethanol feeding (12) . Similarly, we failed to demonstrate a change in the AMP/ATP ratio in the H4IIEC3 cells cultured with ethanol for 24 h. The activation of AMPK by H 2 O 2 did not appear to correlate with an increase in AMP or AMP:ATP ratios in the cells (Table 1) . This finding differs from those reported by Choi et al. (1) , who found that the AMP/ATP ratio was elevated in NIH-3T3 cells exposed to oxidative stress, suggesting a cell type-specific effect. Our data suggest that the effect of both H 2 O 2 and ethanol on p-AMPK in the H4IIEC3 cells is not mediated by changes in AMP levels although we acknowledge that dynamic changes or changes limited to subcellular compartments might not have been detected by our experimental methods.
In light of new observations about the regulation of AMPK and LKB1, it seemed possible that the inhibition of AMPK phosphorylation by ethanol might result from activation of phosphatases or inhibition of yet other kinases (2) . Ethanol is known to be involved in many signaling pathways such as PKC and MAP kinase (13) . Ethanol inhibition of phosphorylation of LKB1 Ser-428 suggests that its effect on AMPK may be in part due to inhibition of LKB1 and of PKC- (Fig. 4A) or activation of the phosphatase (not yet clearly identified), which dephosphorylates LKB1. Since ethanol reduced LKB1 phosphorylation below that of the control cells (Fig. 4) , this effect may pertain to how ethanol inhibits AMPK under conditions other than oxidative stress.
We also found that the inhibitory effect of ethanol on AMPK involved PP2A. This conclusion is based on three lines of evidence: the presence of the PP2A inhibitor okadaic acid and PP2A siRNA prevented the inhibitory effect of ethanol on AMPK, and ethanol stimulated the activity of PP2A, suggesting the mechanism shown in Fig. 9 . PP2A has been implicated in the inactivation of AMPK by others (19) , and we show here for the first time that AMPK and PP2A can be coimmunoprecipitated. Although we could not see an increased amount of PP2A associating with AMPK after ethanol treatment, this may reflect the lack of sensitivity of this assay for small changes in PP2A activity. The mechanism by which ethanol metabolism is required to affect the activity of this phosphatase is not presently clear.
In conclusion, the present study has several implications. The effect of ethanol on AMPK could be central to the net effects of ethanol on liver lipid metabolism. Given the ability of ethanol to block the effect of oxidative stress on AMPK, the balance between the rate of ROS formation (which induces AMPK phosphorylation and activity) and the ability of ethanol to inhibit AMPK is crucial. We previously postulated that AMPK activator (such as metformin) might alleviate alcoholinduced fatty liver; however, ethanol also blocked the action of metformin. On the basis of the results of this study, PP2A and the pathways that regulate its activity should be considered as other therapeutic targets that could prevent alcoholic fatty liver Fig. 8 . Effect of PP2A siRNA on the inhibitory effect of ethanol on AMPK phosphorylation. A: H4IIEC3 cells were transfected with PP2A siRNA, where indicated. They were then treated with ethanol (50 mM) and/or H2O2 (1 mM 10 min), as described in the text. At the times indicated, cellular extracts were blotted for the specific proteins. The basal AMPK and ACC phosphorylation were increased in hepatoma cells transfected with PP2A siRNA but not with scrambled siRNA (*P Ͻ 0.05). Inhibition of PP2A activity with siRNA abolished the inhibitory effect of ethanol on AMPK and ACC phosphorylation. B: summary data from 3 individual experiments, *P Ͻ 0.05, compared with control, #P Ͻ 0.05, compared with cells that were not pretreated with ethanol, $P Ͻ 0.05, compared with cells that were treated with ethanol alone. Fig. 9 . Proposed mechanism of H2O2 and ethanol effects on AMPK phosphorylation and activity. In this study, we found that H2O2 activates AMPK via LKB1 and CaMKK. We have previously shown that the inhibitory effect of ethanol on AMPK requires its metabolite, acetaldehyde (denoted by dashed line). We proposed that such effects of ethanol on AMPK phosphorylation are secondary to 1) inhibition of AMPK upstream kinase, LKB1, and 2) increasing AMPK dephosphorylation through PP2A (activation, inhibition). disease. Furthermore, these studies suggest ways by which ethanol could have synergistic effects with other hepatotoxins on lipid metabolism.
